EnvZ and OmpR, the regulatory proteins for ompF and ompC expression in Escherichia coli, belong to a modulator-effector family of regulatory proteins which are essential for the response to environmental signals. We show that the soluble cytoplasmic domain of the transmembrane modulator protein EnvZ is phosphorylated in vitro by [7-32P] 
The pores in the outer membrane of Escherichia coli K-12 through which small hydrophilic molecules diffuse passively are formed by the porin proteins OmpF and OmpC (1) . In most E. coli strains, both OmpF and OmpC are expressed when the bacterium is grown at 37°C in nutrient broth or minimal medium, while OmpC is preferentially expressed and OmpF is repressed when the cells are grown in high osmolarity medium (2) (3) (4) . The ompB operon, which consists of ompR and envZ, regulates porin expression (5) (6) (7) . The nucleotide sequence of this locus has been determined (8) (9) (10) . OmpR is a DNA-binding protein consisting of 239 amino acid residues that activates transcription of ompF and ompC by binding to sequences -90 base pairs upstream of the transcription initiation site of these genes (10) (11) (12) (13) (14) (15) . EnvZ, a molecule consisting of 450 amino acid residues, is an inner membrane protein possessing a periplasmic domain of 115 amino acid residues and the cytoplasmic domain contains =270 amino acid residues (16) .
EnvZ is thought to modulate the functional activity of OmpR (11) . However, the precise biochemical events by which EnvZ affects OmpR activity have not been determined. The recent recognition that a class of modulator proteins, to which EnvZ belongs, share considerable amino acid sequence similarities suggests that a common mechanism may exist for the signaling to a cognate effector molecule (17, 18) . Indeed, two members [CheA, NRII (NtrB)] of this class of modulator proteins have been shown to possess autophosphorylating activity and, in turn, transfer their phosphate group to the cognate effector molecules [CheY and NRI (NtrC), respectively] (19) (20) (21) (22) (23) (24) (25) . That protein phosphorylation plays a role in osmoregulation now seems very likely since Igo et al. (26, 27) have recently shown that EnvZ is phosphorylated in vitro and phosphorylation of OmpR enhances the in vitro transcription of ompF.
In this report, we show that in the presence of ATP the soluble cytoplasmic fragment of EnvZ becomes phosphorylated in vitro and can transfer its phosphate group to OmpR. In addition, using site-directed mutagenesis of EnvZ we provide evidence to support a model in which phosphorylation of EnvZ and OmpR plays a central role in the osmoregulatory response in E. coli. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
MATERIALS AND METHODS
Ci/mmol; 1 Ci = 37 GBq), EnvZ fragments, and OmpR as indicated. The reaction was carried out for 30 min at 220C at which time either 2 ,tl of stop buffer (10% NaDodSO4/1.5 M dithiothreitol) or OmpR was added. After the reaction was terminated with OmpR, the reaction mixtures were applied to a 15% NaDodSO4/polyacrylamide gel and proteins were subsequently blotted onto nitrocellulose as described (2) and subjected to autoradiography.
To study the stability of the phosphate linked to either EnvZ or OmpR, the reaction was stopped by adding NaDodSO4/dithiothreitol and 2 ul of the following buffers were added: 1 M HCO (pH 1.0), 0.16 M HCI (pH 3.0), 0.2 M Na2HPO4 (pH 7.1), 1.8 M NaOH (pH 11.5), and 3.3 M NaOH (pH 13.5). The reaction mixture was incubated for 60 min at 430C and the proteins were applied to a NaDodSO4/ polyacrylamide gel followed by transfer to nitrocellulose and autoradiography.
Plasmid Construction and envZ Mutagenesis. The plasmid pYK12 is a derivative of pBR322, which contains the ompB locus of E. coli (9) . A unique EcoRI site was introduced into the Arg-180 codon of envZ of pYK12 by site-directed mutagenesis, thus creating pDR203 (29) . 
The histidine residue (His-48) that was found to be phosphorylated in CheA resides within a similar sequence (Ala-Ala-His-Ser-Ile-Lys). In EnvZ, the invariant histidine residue is found at position 243 within the sequence ValSer-His-Asp-Leu-Arg. Since the histidine residue was found within the conserved sequence of the six other modulator proteins examined (18) , it seemed likely that this histidine residue was involved in a common regulatory reaction, such as phosphorylation. These considerations prompted us to mutate the invariant His-243 of EnvZ (ref. 18 ; see Materials and Methods). His-243 was replaced with valine and both a wild-type envZ fragment and the Val-243-containing envZ fragment, both of which encoded the EnvZ sequence Glu-106 to Gly-450, were cloned into a pINIII expression vector, which contains an isopropyl /-D-thiogalactopyranosideinducible promoter. This larger EnvZ fragment (344 amino acid residues) was used for the mutagenesis experiments, as compared with the 271-amino acid residue fragment used for the purification of EnvZc, due to the convenience of cloning the larger envZ fragment into M13. The resultant plasmids, pSF102 (wild type, Glu-106 to Gly-450) and pSF106 (Val-243, Glu-106 to Gly-450), were introduced into the ompRI strain of E. coli (32) . The 344-amino acid residue EnvZ fragments produced from pSF102 (wild type) and pSF106 (Val-243) were found in both the pellet and soluble fractions derived from cells grown in nutrient broth plus 1 mM isopropyl ,B-D-thiogalactopyranoside. The EnvZ fragment in the soluble fractions was partially purified by ion-exchange chromatography. Fig. SA shows the Western blot analysis of the EnvZ-containing fractions prepared from ompRI/pSF102 (wild type, lane 2) and ompRI/pSF106 (Val-243, lane 3). The total protein applied to the NaDodSO4/polyacrylamide gel was 250 ng for ompRI/pBR322 and ompRI/pSF102 (lanes 1 and 2, respectively) and 750 ng for ompRI/pSF106 (lane 3). We found that the ompRI/pSF102 (wild type) fractions contained -6 times more EnvZ fragment than did the ompRi/pSF106 (Val-243) fractions as measured by Western The pH stability of the phosphate group of phosphorylated OmpR. OmpR (600 nM) was phosphorylated as described in Fig.  3 (lane 5) . After stopping the phosphorylation reaction by adding NaDodSO4, the pH was adjusted, as described in Materials and Methods, to pH 1 (lane 1), pH 3 (lane 2), pH 7.5 (lane 3), pH 11.5 (lane 4) , and pH 13.5 (lane 5), and the reaction mixture was incubated for 60 min at 43°C. The phosphorylated OmpR was electrophoresed on a NaDodSO4/polyacrylamide gel, transferred to nitrocellulose, and detected by autoradiography.
blot analysis. This difference may be due to several factors including the decreased stability and/or antigenicity of the Val-243 fragment. To assess the effect of replacing His-243 of EnvZ on the in vitro phosphorylation activity, equal amounts of the EnvZ fragments, based on the Western analysis, were added to each assay reaction mixture. The results of the phosphorylation assay are shown in Fig. SB . When partially purified protein fractions derived from the ompRI strain lacking an envZ plasmid (prepared in exactly the same way as the EnvZ fragment-containing fractions) were assayed for phosphorylation activity an unidentified protein, "a," was found to incorporate radiolabeled phosphate (lane 1) but the phosphate was not transferred to purified OmpR (lane 2). We used this unidentified phosphorylated protein as an internal control for the phosphotransfer reaction. As expected, the wild-type EnvZ fragment (pSF102) was phosphorylated (lane 3) and in turn transferred its phosphate to purified OmpR (lane 4) . In contrast, the Val-243 EnvZ fragment encoded by pSF106 was not phosphorylated (lane 5) . Note that the total protein applied in lane 5 was -6 times that applied in lane 3. Furthermore, when purified OmpR was included in the phosphorylation assay with the Val-243 fragment (lane 6), the activator protein did not become phosphorylated. Thus, the phosphate bound to the considerable amount of phosphoprotein a was not transferred to OmpR. These results indicate that His-243 is involved in the phosphorylation of EnvZ and that the phosphotransfer reaction in the in vitro assay is specific for phosphorylated EnvZ fragment.
To assess whether the inability of EnvZ to become phosphorylated had a functional correlate, an ompB deletion incubation, either NaDodSO4 (lanes 3 and 5) or purified OmpR (lanes 4 and 6) was added. The incubation with OmpR was continued for an additional 10 min before NaDodSO4 was added. Identical fractions from ompRI/pBR322 were incubated in the same manner and either NaDodSO4 (lane 1) or OmpR (lane 2) was added. a, An unidentified phosphorylated protein that appears in various amounts in all partially purified fractions. strain (33) lacking ompR and envZ was transformed with either a wild-type ompB clone (pYK12; ompR' envZ+) or a Val-243-containing ompB clone (pSF112; ompR' envZvalI243) and grown in nutrient broth at 37°C. Fig. 6 shows that in the parent strain MC4100 (lane 1) and in AompB/pYK12 (ompR+ envZ+) both OmpC and OmpF were produced to a similar extent (lane 3). In contrast, the OmpC production in AompB/ pSF1112 (ompR+ envZval-243) was markedly increased and there was a noticeable reduction in the amount of OmpF in the outer membrane (compare lanes 3 and 4) . When the cells were grown in nutrient broth containing 20% sucrose, the outer membrane porin production of the AompB/pSF112 cells (lane 8) was essentially the same as that in the parent strain (lane 5). To determine whether the substitution of His-243 in EnvZ directly affected the transcription of ompC, we used a AenvZ/ompC:lacZ operon fusion strain, RU1012, that was constructed in our laboratory by transducing the AenvZ locus of AT142 (31) into the ompC:lacZ fusion strain MH215 (6) . It was previously shown that OmpC production in the AenvZ strain AT142 and in the envZ22 (amber) strain of E. coli was greatly reduced in cells grown in nutrient broth (refs. 2 and 34; see Discussion). As shown in Table 2 ompC expression in RU1012 transformed with the control plasmid pBR322 was very low. When the RU1012 strain was transformed with the wild-type ompB clone, pYK12, (ompR+ envZ+) ompC expression, as measured by /3-galactosidase activity, was significantly increased. In contrast, introduction of pSF112 (ompR+ envZVal-243) into the RU1012 strain produced very high levels of ompC expression. Thus, the level of,-galactosidase activity in RU1012/pSF112 was 7-fold greater than that found in RU1012/pYK12. These results indicate that blocking the phosphorylation of EnvZ and OmpR increased the expression ofthe ompC gene in cells grown in nutrient broth.
DISCUSSION
We determined that the purified soluble cytoplasmic fragment of EnvZ is phosphorylated in the presence of ['y-32P]ATP and that phosphorylated EnvZ is capable of transferring its phosphate to OmpR. These results are strikingly similar to the autophosphorylation of the homologous modulator proteins CheA and NRII (NtrB) and the subsequent transfer of their phosphate groups to the cognate effector proteins CheY and NRI (NtrC), respectively. CheA has been shown to be phosphorylated at His-48 contained within the sequence AlaAla-His-Ser-Ile-Lys (21) . Mutations of His-48 abolished the ability of CheA to autophosphorylate and transfer its phosphate moiety to CheY as well as eliminated the ability ofCheA to complement a cheA deletion strain. NRII is also autophosphorylated at a histidine residue (24) . In EnvZ, His-243 is contained within the sequence Val-Ser-His-Asp-Leu-Arg, which occurs in a conserved region of the modulator set of regulatory proteins (18) . We show that the substitution of valine for His-243 eliminated the ability of the EnvZ fragment to be phosphorylated and subsequently transfer its phosphate to OmpR. These results demonstrate that the cytoplasmic domain of EnvZ is sufficient for autophosphorylation activity and for the transfer of its phosphate to OmpR. The f3-galactosidase activity represents the average values derived from four independent experiments.
The Val-243 mutation stimulated ompC expression 7-fold in cells grown under conditions in which ompC is normally expressed at lower levels (Table 1 ). This mutation also produced a noticeable reduction in the amount of OmpF protein found in the outer membrane (Fig. 6) (35) . In addition, we have previously shown that ompC can be induced by high osmolarity in the absence of envZ function (2) . In this context, it is possible that high osmolarity generally suppresses phosphorylation in E. coli such that newly synthesized OmpR would not be phosphorylated, thereby activating ompC expression or that an envZ-independent dephosphorylating pathway may exist in E. coli converting preexisting phosphorylated OmpR into the dephosphorylated form during a shift to high osmolarity growth medium.
The results of the pH stability profile of phosphorylated OmpR support the idea that OmpR contains an acyl phosphate. The acyl phosphate of CheY (22) and NRI (24) is thought to be linked to invariant aspartic acid residues Biochemistry: Forst et al. located in two different regions at the N-terminal region ofthe effector class of molecules. The invariant aspartic acid residues were shown to be clustered in an acidic pocket of the recently resolved three-dimensional structure of CheY (36) . The invariant aspartic acid residues in OmpR are located at positions 12 and 55. This is particularly intriguing since genetic information indicates that the modulation of the functional activity of OmpR occurs at the N-terminal region of OmpR. In the envZJJ strain, Thr-247 is replaced by arginine, four residues away from His-243, resulting in high levels of ompC expression in cells grown in low osmolarity medium (34) . The envZJI phenotype is suppressed in a strain that contains an ompR allele in which Leu-16 is replaced by glutamine (37), providing genetic evidence that this portion of OmpR interacts with EnvZ. These results suggest that His-243 constitutes an essential amino acid residue of the phosphorylated domain of EnvZ and that the N-terminal region of OmpR interacts with EnvZ in this region resulting in a transfer of the phosphate group to a carboxylate group of OmpR. The linking of the phosphate to OmpR would then presumably result in a conformational change in this activator protein.
We have previously found that the OmpR purified from wild-type cells grown in high osmolarity medium and from the envZJ I mutant strain grown in nutrient broth exhibited a 200-fold higher DNA-binding activity for the upstream OmpR binding sequences of ompF than did the OmpR purified from cells grown in low osmolarity medium (28) . This tight binding correlates with the repression of OmpF production in the envZJJ strain and in cells grown in high osmolarity. Presently, we are not able to conclude whether the phosphorylation of OmpR plays a role in the dramatic differences in the DNA-binding properties of OmpR or whether other covalent modifications or other protein components may influence the DNA-binding properties of OmpR as well. It is also not yet known how the putative modification of the amino-terminal region of OmpR influences the binding affinity of the carboxyl-terminal DNA-binding domain of OmpR (37, 38) .
